Most fisheries involving spiny lobsters of the genus Palinurus have been overexploited during the last decades, so there is a raising concern about management decisions for these valuable resources. A total of 13 microsatellite DNA loci recently developed in Palinurus elephas were assayed in order to assess genetic diversity levels in every known species of the genus. Microsatellite markers gave amplifications and showed polymorphism in all species, with gene diversity values varying from 0.650 6 0.077 SD (Palinurus barbarae) to 0.792 6 0.051 SD (Palinurus elephas). Most importantly, when depth distribution was taken into account, shallower water species consistently showed larger historical effective population sizes than their deeper-water counterparts. This could explain why deeper-water species are more sensitive to overfishing, and would indicate that overexploitation may have a larger impact on their longterm genetic diversity.
INTRODUCTION
There is growing concern that genetic diversity has been reduced in heavily exploited marine stocks, and accordingly molecular genetic markers are becoming an increasingly valuable tool for the evaluation and management of such exploited species (Kenchington et al., 2003) . Genetic diversity levels observed in molecular markers can provide valuable information about the evolutionary history of different species, as well as data on their historical effective population size (Whitlock and Barton, 1997) . The historical effective population size may serve as a useful indicator of the average number of adults that reproduce successfully per generation (Rice, 2004) . Despite the demonstrated ability of genetic data to address these questions and the need to understand the biology of marine resources, integration of genetic data on conservation decisions is still very scarce (Schwartz et al., 2006) .
Microsatellite loci are highly polymorphic markers that can be employed to ascertain genetic diversity and population structure on a wide range of taxa and at several geographical levels (Carreras-Carbonell et al., 2006; Calderon et al., 2007) . Mainly due to their higher levels of polymorphism, genetic differentiation between populations is generally better resolved by microsatellites than for example mtDNA (Estoup et al., 1998) . Furthermore, different metrics assuming microsatellite-specific mutation models have been developed in order to detect demographic changes (Kimmel et al., 1998; Bos et al., 2008) and the potential for cross-species amplification reduce technical difficulties to identify new microsatellites for each species (Carreras-Carbonell et al., 2008) .
Spiny lobsters (Palinuridae Latreille, 1802) are among the most commercially valuable decapod crustaceans worldwide, with Palinurus being one of the most important genera (Follesa et al., 2009 ). The genus contains six known species: three of them found in the northern hemisphere [P. elephas Fabricius, 1787; P. mauritanicus Gruvel, 1911; and P. charlestoni Forest and Postel, 1964] , and another three in the southern hemisphere [P. gilchristi Stebbing, 1900; P. delagoae Barnard, 1926; and P. barbarae Groeneveld et al., 2006a] . Palinurus elephas is found along the northeastern Atlantic and Mediterranean Sea on rocky bottoms of the continental shelf (5-200 m depth); P. mauritanicus shows an overlapping geographical distribution but inhabits deep coral reefs and muddy substrates near rocky outcrops of the upper-middle continental slope (300-600 m); P. charlestoni is an endemic species from Cape Verde Islands in the eastern central Atlantic and is found on steep rocky bottoms at 50-350 m depth (Abelló et al., 2002; Groeneveld et al., 2006b) . As for the southern hemisphere species, P. gilchristi is endemic to the south coast of South Africa, where it occurs between 50 and 200 m; P. delagoae is a deeper water species (150-600 m) distributed from Mozambique to eastern South Africa; P. barbarae is found in steep broken rocks deeper than 100 m at Walters Shoals, Madagascar Ridge (Groeneveld et al., 2006a, b) . JOURNAL OF CRUSTACEAN BIOLOGY, 30(4): 658-663, 2010 All six species in the genus have a high retail value and most of them have been historically overexploited (Groeneveld et al., 2006b) . Increased levels of exploitation during the second half of the twentieth century had a great impact on their population structure, reproductive potential and population sizes (Groeneveld, 2003) . Interestingly, only the 2 shallower water species, P. gilchristi and P. elephas, have been able to sustain substantial long-term fisheries, albeit at lower levels than in the past (Groeneveld et al., 2006b) . Several research papers show that at present, the deeper water species (P. delagoae, P. mauritanicus, P. barbarae) have much smaller extant populations than the shallower water species (P. elephas and P. gilchristi) and are extremely vulnerable to fishing pressure [cf. collapses of fisheries for P. delagoae and P. mauritanicus] (Groeneveld et al., 2006a, b; Follesa et al., 2009) . Given these observed patterns in fisheries for Palinurus, a plausible a priori hypothesis would be that deeper water species are more sensitive to overexploitation because their populations present comparatively lower effective population sizes.
The present study aims to: 1) test the adequacy of a set of 13 microsatellite markers recently developed in P. elephas for future intra-specific population structure analyses in other species of Palinurus, 2) obtain genetic diversity estimates for all six species in the genus and to compare these with those previously obtained using mitochondrial markers, 3) use genetic diversity estimates to infer historical effective population size of several species of Palinurus, and therefore test the a priori hypothesis that deeper water species have comparatively lower effective population sizes.
MATERIALS AND METHODS
Pleopod tissue samples of P. elephas (n 5 24; Western Mediterranean: Cullera), P. mauritanicus (n 5 17; Atlantic waters: Morocco-Tanger) and P. charlestoni (n 5 5; Cape Verde Islands: Ilha do Sal) were obtained directly from fisheries and fixed in ethanol, and DNA extraction was carried out as in Palero and Pascual (2008) . DNA was obtained from muscle tissue for P. gilchristi (n 5 20; south coast of South Africa; see Tolley et al., 2005) , P. delagoae (n 5 20; S-KZN2 South Africa; see Gopal et al., 2006) and P. barbarae (n 5 18; Madagascar Ridge: Walters Shoals; see Gopal et al., 2006) . We used the polymorphic microsatellite loci isolated from P. elephas (Palero and Pascual, 2008) , but excluded loci Pael1, Pael2 and Pael38, because amplifications were poor and allele sizing was misleading. An extra locus (Pael48) was included (EMBL Accession no. GQ401341) and was amplified with forward primer 59-ACTGGTGCAAGTCCCTTTTG-39 and reverse primer 59-GCTATCGG CAACAAGAACAAC-39 at 55uC annealing temperature. Multiplex PCR amplifications were carried out under conditions described in Palero and Pascual (2008) . Amplified products of a total of 13 microsatellite markers were scored using an ABI 3700 automatic sequencer from the Scientific and Technical Services of the University of Barcelona. Alleles were sized by PeakScanner TM software, with an internal size standard CST Rox 70-500 (BioVentures Inc.).
Genetic Diversity
Mean number of alleles per locus, observed heterozygosity (Ho) and Nei's genetic diversity were computed using Microsatellite Toolkit version 3.1. After excluding P. charlestoni due to small sample size, allelic richness was estimated using rarefaction-based methods (Petit et al., 1998) . Allele frequency distribution for each species and locus was plotted using a modified version of the allele.freq.plot function implemented in stand Arich_v1.00 (available at http://www.ualg.pt/ccmar/maree/ software.php, F. Alberto, University of Algarve, Faro, Portugal). F is estimates and probability tests of Hardy-Weinberg equilibrium based on Markov chain approaches (5000 iterations) were obtained using the GENEPOP package version 4.0.7 (Rousset, 2008) . FreeNA was used for estimating frequency of null alleles (not amplifying alleles) at different loci (Chapuis and Estoup, 2007) . Pairwise F ST values with and without correction for null alleles were computed to determine the degree of differentiation among species of Palinurus.
Demographic Estimates
Two approximations were used in order to infer historical effective population size for each species. On one hand, historical effective population sizes were directly estimated based on microsatellite heterozygosity using Ohta and Kimura's (1973) formula Ne 5 (1/[1 2 He] 2 2 1)/8m and assuming mutation rates (m) from 1.16 3 10 24 to 7.11 3 10 25 mutations/locus/generation (Seyfert et al., 2008) . On the other hand, the population parameter theta (h 5 4Nem) was used to estimate historical effective size based on all 13 microsatellite loci. RoyChoudhury and Stephens (2007) have shown that the homozygosity estimator (h H ) of Kimmel et al. (1998) is an accurate and unbiased estimator of the scaled population mutation rate. Previous studies using mtDNA markers indicate that species of Palinurus may have undergone past changes in demography, such as a bottleneck, for which the genetic signature is still manifesting (Tolley et al., 2005; Gopal et al., 2006; Palero et al., 2008) . Therefore, two different microsatellite-based approaches were used to test for signatures of recent (less than 4Ne generations ago) population changes. Time is generally scaled using population size and generation time in the population genetics context, so that absolute time would depend on the particular population size and generation time shown by each species. First, we used BOTTLENECK ver. 1.2.02 (Cornuet and Luikart, 1997) , assuming an infinite allele model (IAM), a stepwise mutation model (SMM), or a twophase model of mutation (TPM, with 70% SMMs). A Wilcoxon signedrank test was used to determine if a statistically significant number of loci displayed a heterozygote excess compared to expectations based on the observed number of alleles. This method can identify reductions in effective size by comparing heterozygosity from observed data to heterozygosity in a simulated population at neutral mutation-drift equilibrium (Luikart et al., 1998) .
Secondly, a metric analogous to the mismatch distribution, but comparing the distribution of length differences among microsatellite alleles was also used to detect demographic changes in these species (Kimmel et al., 1998; King et al., 2000) . We calculated the variance estimator (h V ) and homozygosity estimator (h H ) from equations (14) and (15) of Kimmel et al. (1998) . The difference in the natural logarithm of these estimators, averaged over all microsatellite loci, is the natural logarithm of the imbalance index (lnb). This statistic relies on an imbalance between allele size variance and heterozygosity to detect population growth (Bos et al., 2008) . The imbalance index should be , 1 for expanding populations whose pre-expansion history is stable, but is characteristically . 1 in populations with a reduction in size that precedes a detectable growth phase. The lnb metric was chosen because of its power and ability to detect historic signals of population expansion (King et al., 2000) . The analysis method of Kimmel et al. (1998) has been implemented in R and is available from the authors upon request.
RESULTS

Genetic Diversity
All markers were found to be polymorphic in every tested species, with exception of P. barbarae, for which no variability was found when using Pael10 (Appendix, S1). Mean gene diversity ranged between 0.650 6 0.077 SD in P. barbarae and 0.792 6 0.051 SD in P. elephas (S1). Excluding P. charlestoni, again due to small sample sizes, it was observed that mean allele number per locus varied from 7.00 6 4.20 SD (P. barbarae; n 5 18) to 11.38 6 7.39 SD (P. elephas; n 5 24) ( Table 1) . Allele distribution and frequency across species for each locus was similar in both northern and southern hemisphere species (Fig. 1) . In spite of similar values in allele richness and gene diversity, higher values were found in shallower water species (P. elephas and P. gilchristi) than in deeper water species (P. mauritanicus, P. delagoae and P. barbarae) ( Table 1 ; Fig. 2 ). Overall F is values were similar for most species except for the higher value found in P. delagoae (Table 1) . Three loci (Pael31, Pael44 and Pael53) presented significantly high F is values in all species (Appendix, S2), and this result may be due to the presence of null alleles in these loci as indicated by the FreeNA analyses.
Demographic Estimates
Historical effective population sizes estimated using Ohta and Kimura's (1973) formula ranged from 11,000 to 57,000 depending on species (Table 2) . Larger historical effective sizes were observed in the typically shallower-water species, P. elephas and P. gilchristi, while smaller sizes were consistently found in P. mauritanicus, P. delagoae, and P. barbarae. The same pattern and almost identical values (ranging from 7700 to 59,000) were found when effective sizes were estimated using the homozygosity estimator (h H ) of Kimmel et al. (1998) (Table 2) .
When trying to identify traces of past demographic changes with BOTTLENECK, observed heterozygosity values were always lower than values expected under any mutation model. Wilcoxon signed-rank one-tail tests did not identify recent demographic changes for any species when the TPM model was assumed. Nevertheless, significant heterozygote excess, indicating a recent bottleneck, was found in P. elephas (P 5 0.013) and P. gilchristi (P 5 0.001) when using the IAM model, and heterozygote deficiency, indicating a recent population expansion, was found in all deeper-water species when the SMM model was assumed (P. mauritanicus P 5 0.040, P. delagoae P 5 0.047 and P. barbarae P 5 0.032).
The variance estimator (h V ) showed particularly high values for P. gilchristi and P. barbarae when the full dataset (13 microsatellites) was used (Table 3) . A detailed examination of the values obtained for each locus indicated a large effect of locus Pael44, which is the only imperfect microsatellite analysed and which therefore had a repeat mutation step of just 1bp. When locus Pael44 was excluded Fig. 1 . Allele frequency distributions across species and loci. PELE: P. elephas; PMAU: P. mauritanicus; PGIL: P. gilchristi; PDEL: P. delagoae; PBAR: P. barbarae. (Gopal et al., 2006) from the analysis, the variance estimator (h V ) presented similar values for every species of Palinurus (Table 3) . In all cases, the imbalance index (b) was . 1, although in P. elephas it was close to 1. These larger values are characteristic of populations with a reduction in size that precedes a detectable growth phase.
DISCUSSION
The set of microsatellite markers developed for P. elephas can be considered as suitable for future population structure studies, since it has proved to give successful amplification in all species of Palinurus. The amount of variability, gene diversity measures and F is values found in Palinurus species using microsatellite markers is similar to that found in other marine decapod crustaceans (Robainas et al., 2002; Yap et al., 2002) . As hypothesized, the main trend found in the present study was for allelic richness and heterozygosity to be consistently higher in shallower water species than in their deeper water counterparts (Fig. 2) . Even though ascertainment bias cannot be fully excluded as a cause for this pattern, the basal position of P. elephas in phylogenetic reconstruction, and the similar genetic distance observed between P. elephas and the other species of Palinurus, makes it very unlikely that ascertainment bias occurs only in some focal species (Groeneveld et al., 2007; Palero et al., 2009a, b) . Lower genetic diversity in P. mauritanicus, P. delagoae, or P. barbarae could be due to more stable conditions in deeper waters or to population sizes being smaller in deeper than in shallower water species.
Species of Palinurus showed fairly high haplotype diversity using mitochondrial genes, such as the control region (CR) and cytochrome oxidase I (COI), with presence of one or a few abundant haplotypes and a large number of closely related haplotypes (Tolley et al., 2005; Gopal et al., 2006; Palero et al., 2008) . Such pattern of haplotype distribution suggests either a genetic bottleneck with a subsequent expansion caused by demographic fluctuations, or selection acting on the mtDNA molecule (Stephens, 2001) . If mtDNA genetic diversity patterns were shaped by selection, a more complete understanding should be gained by analysing diversity patterns in nuclear markers. When using microsatellite data, the method of Cornuet and Luikart (1997) did not provide conclusive results for any species. Despite this method's inability to detect strong and recent reductions in effective population size (less than 4Ne generations ago), it fails at detecting historical processes (Pascual et al., 2001) . Conversely, and in agreement with previous mtDNA studies, microsatellite data showed some signs of bottlenecks preceding detectable expansions when using the method of Kimmel et al. (1998) in all species of Palinurus. Computer simulations showed that, if the population experiences a bottleneck preceding expansion, there will be a long time period, e.g., several thousand generations, during which b . 1 before showing the signature of expansion alone [b , 1] (Kimmel et al., 1998) . However, observing this signal of demographic change does not necessarily mean that the effect of selection on mtDNA should be discarded.
Further insight into this matter is provided through the comparison of diversity measures for mitochondrial and nuclear markers between congeneric species. If only demographic factors were shaping the genetic diversity distribution of a species, we would expect to find similar patterns on different markers, either mitochondrial or nuclear. Interestingly, species with higher gene diversity for microsatellite markers (shallower water species) showed a lower haplotype diversity value when using mtDNA sequence data (Table 1) . A likely cause for this pattern would be that selection on mtDNA has been stronger and more recent in shallower water species (Palero et al., 2008) , since shallow-water environments tend to be more variable, e.g., temperature or salinity fluctuations (Locarnini et al., 2006) . Given that mtDNA acts as a single, non-recombining molecule, selective sweeps would make mtDNA diversity values smaller in shallower water species in spite of their larger historical effective population sizes, as indicated by nuclear markers (Table 2) .
It should be pointed out that sample sizes used in the present study have not had a significant effect on genetic Table 2 . Historical effective population sizes in species of Palinurus as estimated both from Ohta and Kimura's (1973) formula and from the homozygosity estimator (h H ) of Kimmel et al. (1998) . Values are in thousands.
Range Ne (Ohta and Kimura, 1973) Range Ne (Kimmel et al., 1998) Results obtained for P. charlestoni, however, should be taken with caution, given that sample size for this species was particularly small (n 5 5). For marine populations, census sizes are commonly studied while effective population sizes are usually not considered, despite the latter being a good indicator for the overall diversity of a species. Because even ''collapsed'' stocks usually have large census sizes, there is generally little concern about genetic diversity of exploited species. However, effective population sizes (Ne) can be several orders of magnitude smaller than census sizes (N) (with Ne/N ratios varying from 10 25 to 10 23 , Hauser et al., 2002) , and many exploited marine stocks may be in danger of losing genetic variability despite their large spawning stock biomasses. Deep-sea fisheries have increased in recent times because nations have fished out their nearshore shallows and must go further offshore to maintain catch levels (Morato et al., 2006) . Therefore, there is an urgent need to assess all aspects of the ecological and economic potential of sustainable deep-sea fisheries (Smith, 2007; Pauly, 2009) . As observed in the case of the fisheries for Palinurus, deeper water species seem to be more sensitive to overexploitation (Groeneveld et al., 2006b) , and according to our results, nuclear genetic diversity levels tend to be smaller in populations of deeper water species of Palinurus. This comparatively smaller genetic diversity levels could be explained by: 1) lower environmental variability in deeper waters, 2) an overall smaller population size, or 3) lower connectivity levels in deeper water species due to a higher patchiness of suitable habitat. In any case, independently of the causes behind this reduction in genetic diversity, the comparatively lower effective population sizes would make deeper-water species more sensitive to overexploitation. Consequently, our results suggest that efficient management measures should take into account the larger long-term effect of over fishing on the genetic diversity of deeper water species. 
